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INTRODUCTION

L-cysteine is an important free-SH containing
amino acid. In addition to being incorporated into
proteins, L-cysteine is also utilized in the synthesis
of an important tripeptide, glutathione (GSH).1)

Erythrocytes lack a functional protein synthesizing
system. Thus erythrocytes can not incorporate the
influxed L-cysteine into proteins. However, L-cys-
teine is required for erythrocyte integrity. L-cysteine
is mainly utilized in glutathione synthesis in eryth-

rocytes. GSH is a tripeptide composed of glutamic
acid, cysteine, and glycine. Among these three amino
acids, L-cysteine availability determines the rate of
GSH synthesis.1) The functional-SH group of GSH
is also provided by the amino acid L-cysteine. GSH
functions as a soluble antioxidant and protects cells
against free radicals and lipid peroxidation.2,3) It
is also involved in detoxification of several
xenobiotics.3–6) GSH reacts with toxic xenobiotics
in a glutathione S-transferase-catalyzed reaction and
forms glutathione conjugates that are then trans-
ported out of the cells in an ATP-dependent man-
ner.7–11) Although GSH is actively synthesized in
erythrocytes, the synthesized GSH is not effluxed
from the erythrocytes.12) Thus, in contrast to the liver,
erythrocytes do not provide the plasma with GSH.13)

In this study we investigated whether erythro-
cytes provide the blood plasma, and therefore other
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cells with L-cysteine which is the rate-limiting amino
acid in GSH synthesis. The study also examined
whether erythrocytes function in regulation the of
L-cysteine concentrations in the plasma via uptake
when its concentration is raised and carrying and
releasing it at distal tissues where its concentration
is relatively lower. L-cysteine influx into erythro-
cytes has been extensively studied. It has been shown
that the L-cysteine transport into erythrocytes and
other cells is mainly mediated by Na-dependent and
Na-independent systems.14) However, to the best of
our knowledge, L-cysteine efflux from erythrocytes
has not been studied in detail.

MATERIALS AND METHODS

Materials —–—  N-acetyl-L-cysteine (NAC), L-
cysteine, L-alanine, and L-serine were obtained from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). 5,5′-
Dithiobis(-nitrobenzoate) (DTNB) was obtained
from Fluka BioChemica, (Switzerland). Blood was
obtained from the blood bank of Mustafa Kemal
University Research Hospital as 300-ml units de-
rived from human donors with no prerecorded medi-
cal conditions.
Preparation of Erythrocytes —–—  Plasma was
separated by centrifugation at 2000 g for 5 min. The
plasma and the buffy coat were then removed and
discarded. The resulting erythrocyte pellet was
washed twice with two volumes of phosphate-buff-
ered saline (PBS) (nine parts of NaCl 0.15 mM and
one part of potassium phosphate buffer 0.1 M,
pH 7.4) and was further used in the experiments at
20% hematocrit.15) PBS-glucose contained glucose
8 mM in PBS.
L-Cysteine Uptake Studies —–—  Washed eryth-
rocytes 0.25 ml were suspended in 1 ml of PBS-glu-
cose containing 1, 4, and 10 mM concentrations of
L-cysteine and incubated for 15, 30, 60, and 90 min
at 37°C in a water bath. At the end of incubation,
the erythrocytes were removed, centrifuged, and the
supernatants were discarded. The free-SH concen-
trations in erythrocytes were then determined as
described by Sedlak and Lindsay.16) Briefly 100 µl
of erythrocytes were lysed in 100 ml of 10% tricar-
boxylic acid (TCA) prepared in sodium phosphate-
EDTA buffer (sodium phosphate 0.01 M/EDTA
0.005 M). The erythrocyte lysates were then centri-
fuged at 12000 g for 5 min. At the end of centrifu-
gation, 100 µl of the supernatant was mixed with
1.9 ml of Tris-EDTA buffer containing DTNB

0.6 µM/ml (Tris base 262 mM, EDTA 13 mM,
pH 8.9). Samples were allowed to stand for 5 min
to develop color. The absorbance of samples were
then measured at 412 nm and the concentrations of
free-SH were calculated using the mM extinction
coefficient of 13.6.
L-Cysteine Efflux Studies —–—  Washed erythro-
cytes 0.25 ml were resuspended in 1 m of PBS-glu-
cose in the presence of different concentrations of
L-cysteine. Erythrocytes were incubated at 37°C in
a water bath for 1 hr to allow the uptake process. At
the end of incubation, the erythrocytes were centri-
fuged and the supernatants were discarded. The
erythrocytes were then resuspended in 1 ml of fresh
PBS-glucose or without glucose, containing either
NaF, alanine, or serine and incubated at 37°C for
the indicated times to allow the efflux process. At
the end of incubation the erythrocytes were centri-
fuged and the supernatants were transferred to fresh
tubes. The free-SH concentrations in the superna-
tant was then measured as described above.
Statistical Analysis —–—  One-way analysis of
variance (ANOVA) and Student-Newman-Keuls
multiple comparison tests were applied to process
the data statistically. All tests were performed on trip-
licate samples. Results are expressed as mean ± S.D.
A p-value of < 0.05 as considered statiscally signifi-
cant.

RESULTS

Table 1 shows the results of the time- and con-
centration-dependent L-cysteine uptake studies.
Erythrocytes accumulated L-cysteine from the me-
dia efficiently. The uptake process increased with
increasing concentration of L-cysteine. The uptake
increased for 1 hr and further incubation did not in-
crease the uptake of L-cysteine. The free-SH con-
centration in erythrocytes doubled in 1 hr when
treated with L-cysteine 4 mM. Free-SH concentra-
tions increased to 3.1-fold the control levels in 1 hr
in L-cysteine 10 mM treated erythrocytes. Table 2
shows the results of the L-cysteine efflux studies.
Our results demonstrated that erythrocytes may
transport the influxed L-cysteine back into the me-
dia from the cytoplasm when L-cysteine concentra-
tion decreases. The rate of the L-cysteine efflux was
dependent on time and the intracellular levels of L-
cysteine. The incubation of L-cysteine-pretreated
erythrocytes effluxed the amino acid in an increas-
ing manner for up to 1 hr, and further incubation did



120 Vol. 52 (2006)

not result in additional efflux. The results shown in
Fig. 1 also show that the efflux process was depen-
dent on energy. The incubation of erythrocytes in
glucose-free media or with the addition of NaF in-
hibited the efflux process. However, the absence of
glucose or addition of NaF did not completely pre-
vent the efflux process. This may indicate the pres-
ence of an ATP-independent efflux system. The re-
sults shown in Fig. 2 indicate that the efflux may be
partly mediated by the Alanine-Serine-Cysteine
(ASC) system. The addition of L-serine and L-ala-
nine significantly inhibited the L-cysteine efflux
from erythrocytes. The results shown in Fig. 3 indi-
cate that L-cysteine NAC efflux processes are not
identical. L-cysteine efflux is significantly higher
than NAC efflux.

DISCUSSION

As shown in the Tables 1 and 2, erythrocytes take
up L-cysteine from the media effectively in a time-
and concentration-dependent manner. The uptake
process continued to increase as the L-cysteine con-
centration increased. This result indicates that eryth-

Table 1. Time Course L-Cysteine Uptake by Erythrocytes

Free-SH concentrations in erythrocytes (mM)

15 min 30 min 60 min 90 min

Control 1.409 � 0.057 1.409 � 0.025 1.412 � 0.042 1.429 � 0.023

Cysteine 1 mM 1.407 � 0.036 1.723 � 0.024a) 1.735 � 0.096a) 1.723 � 0.013a)

Cysteine 4 mM 2.312 � 0.042a) 2.582 � 0.074a) 2.785 � 0.084a) 2.772 � 0.024a)

Cysteine 10 mM 3.379 � 0.075a) 4.258 � 0.040a) 4.382 � 0.033a) 4.447 � 0.162a)

Washed erythrocytes were resuspended in PBS-glucose containing the indicated concentrations of L-cysteine and incubated
for 15, 30, 60, and 90 min. At the end of incubation free-SH concentration in the erythrocytes were determined. Results are the
mean � S.D. of three separate experiments. a) Significantly different from the control. p < 0:05.

Fig. 1. Energy Dependency of L-Cysteine Efflux from Eryth-
rocytes

Washed eryhtrocytes 0.25 ml were resuspended in 1 ml of PBS
glucose containing L-cysteine 4 mM and incubated for 1 hr. At the end
of incubation, erythrocytes were centrifuged, supernatants were discarded
and resulting erythrocyte pellets were washed. All groups were then
resuspended in 1 ml of buffer composed as described below. The control
group was resuspended in PBS-glucose. The LiCl group contained LiCl
in PBS instead of NaCl. The glucose free group contained PBS without
glucose. The NaF group contained glucose-free PBS and NaF 10 mM.
All groups were then incubated further for 1 hr and free-SH levels were
determined in the supernatants. Results are the mean, S.D. of three
separate experiments. *Significantly different from the control p < 0.05.

Table 2. Time Course of L-Cysteine Efflux from Erythrocytes Preincubated with L-Cysteine

Free-SH concentrations in the incubation medium (mM)

30 min 60 min 90 min

Control 0.00 0.00 0.00

Cysteine 1 mM 0.0823 � 0.013a) 0.184 � 0.010a) 0.182 � 0.006a)

Cysteine 4 mM 0.291 � 0.060a) 0.462 � 0.020a) 0.478 � 0.018a)

Cysteine 10 mM 0.621 � 0.012a) 0.843 � 0.012a) 0.873 � 0.065a)

Washed erythrocytes 0.25 ml were first preincubated in 1 ml of PBS glucose containing L-cysteine 1, 4,
and 10 mM for 1 hr. At the end of incubation erythrocytes were centrifuged, the supernatants were discarded
and the resulting erythrocyte pellets were washed. The washed erythrocytes were then resuspended in 1 ml
of fresh PBS-glucose and incubated further for 30, 60, and 90 min to allow the efflux process. At the end of
incubation free-SH levels in the supernatants were measured. Results are the mean � S.D. of three separate
experiments. a) Significantly different from the control. p< 0.05.
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rocytes.21) We investigated whether NaCl replace-
ment with LiCl and inhibition of ATP synthesis also
decrease the L-cysteine efflux process in erythro-
cytes. The results demonstrated that, in contrast to
the uptake process, the efflux process was not de-
pendent on the presence of Na ions. However, the
incubation of erythrocytes both in the absence of
glucose and NaF treatment without glucose de-
creased the efflux process significantly. Inhibition
of the efflux process by ATP depletion suggests that
the same ASC system that is involved in L-cysteine
uptake may also function in L-cysteine efflux from
erythrocytes. To confirm this view, we observed the
changes in L-cysteine efflux in the presence of ala-
nine and serine amino acids, the other substrates for
the ASC system. The presence of alanine or serine
in the media outside erythrocytes significantly in-
hibited the L-cysteine efflux from the erythrocytes.
Thus it could be concluded that the ASC system is
involved in the efflux process and alanine and serine
both function as transacting inhibitors of L-cysteine
efflux. However, a marked degree of efflux remains
even when ATP synthesis is inhibited in erythrocytes,
suggesting the presence of other systems involved
in L-cysteine efflux. A significant portion of the
efflux appears to be mediated by ATP-independent
systems. We also investigated whether the N-acety-

Fig. 2. Effects of Alanine and Serine on L-Cysteine Efflux
Washed erythrocytes 0.25 ml were resuspended in 1 ml of PBS-

glucose containing L-cysteine 4 mM except the control group and
incubated for 1 hr. At the end of incubation erythrocytes were centrifuged,
the supernatants were discarded and the resulting erythrocyte pellets
were washed. All groups were then resuspended in 1 ml of PBS-glucose
composed as described below. The control group and the PBS-glucose
group were resuspended in PBS-glucose only. The L-serine group was
resuspended in PBS-glucose containing L-serine 4 mM and the L-alanine
group was resuspended in PBS-glucose containing L-alanine 4 mM. All
groups were then incubated further for 1 hr and free-SH levels were
determined in the supernatants. Results are the mean, S.D. of three
separate experiments. *Signicantly different from the control group.
**Significantly different from the PBS-glucose group. p < 0.05.

Fig. 3. Comparision of L-Cysteine and NAC Efflux from
Eryhtrocytes

Washed erythrocytes 0.25 ml were incubated for 1 hr in 1 ml of
PBS-glucose containing L-cysteine 4 mM or NAC 4 mM. Control group
was incubated in PBS-glucose only. At the end, of incubation erythrocytes
were centrifuged, the supernatants were discarded and the resulting
erythrocyte pellets were washed. The washed erythrocytes were then
resuspended in 1 ml PBS-glucose and incubated for 1 hr and the free-
SH levels were determined in the supernatants. Results are the mean,
S.D. of three separate experiment. *Significantly different from the
control group. **Significantly different from the L-csteine group. p <
0.05.

rocytes are equipped with efficient L-cysteine up-
take systems. The concentration of L-cysteine in the
plasma is usually low.17) Thus its difficult to ascribe
a certain role for the presence of such an efficient
uptake systems in erythrocytes. However, it could
be suggested that erythrocytes are equipped to func-
tion as an emergency mechanism against L-cysteine
increase in the plasma since it is known to be toxic
at high concentrations.18) This possibility also pre-
dicts that erythrocytes may function in the modula-
tion of L-cysteine concentrations in the plasma.
Erythrocytes may take up L-cysteine when its con-
centration is elevated, especially as a result of in-
take of food rich in L-cysteine, and transport and
release it to distal tissues where its concentration is
lower. Our results showed that erythrocytes efflux
L-cysteine in a concentration-dependent manner. The
efflux rate is higher in erythrocytes treated with
higher concentrations of L-cysteine. The L-cysteine
uptake in erythrocytes is mainly mediated by the Na-
and ATP-dependent ASC system and Na-indepen-
dent uptake systems.19,20) Previous studies demon-
strated that omitting Na ions from the incubation
medium by using LiCl instead of NaCl inhibits L-
cysteine uptake by erythrocytes.21) It has also been
shown that inhibitors of ATP synthesis such as NaF
in erythrocytes decreases L-cysteine uptake by eryth-
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lated counterpart of L-cysteine, NAC, follows a simi-
lar pattern and is exported form the erythrocytes fol-
lowing its uptake. Although NAC crosses mem-
branes by simple diffusion, L-cysteine cannot cross
the membranes easily. Our results showed that eryth-
rocytes also release NAC to the extracellular media.
However, L-cysteine efflux is significantly higher
than NAC release. This difference demonstrates that
L-cysteine efflux is a carrier-mediated process in
contrast to NAC.

The efflux of amino acids is usually investigated
in cells, and in the small intestine. These cells take
up the ingested amino acids from the intestinal lu-
men and efflux them into the circulation. It has also
been shown that Escherichia coli (E. coli) cells efflux
cysteine from the cytoplasm to the periplasm by
CydDC transporters to provide a balance in redox
status.22) Mutants in cydDC have been shown to
cause a disturbance in redox status in the periplasm.
In addition, lysosomes have been shown to have a
system that is used to efflux the amino acids derived
from enzymaticaly digested proteins.23) This system,
called LYAAT-1, is an amino acid transporter in-
volved in the efflux of L-proline, L-alanine, or gly-
cine from the organelle lumen to the cytosol. Simi-
lar or the same efflux systems may also function in
erythrocytes. In these respects, the L-cysteine up-
take and efflux processes in erythrocytes may have
different functions. One function may be the modu-
lation of the L-cysteine concentration in the plasma
by lowering it when high and by increasing it when
low thus providing homeostasis in the blood. A simi-
lar function is displayed by intestinal cell mem-
branes.24) Glucose transporters that function on the
apical membrane influx glucose from the intestinal
lumen into intestinal cells when glucose is increased
especially after a carbohydrate-rich meal. This pro-
cess is reversed on the basolateral membrane of in-
testinal cells, and in this case GLUT2 exports the
concentrated glucose from the intestinal cells to the
plasma. The liver is also known to display a similar
function influxing glucose when its concentration
in the plasma is high and effluxing glucose when
the concentration is low. This type of function in
erythrocytes becomes significant when feeding with
cysteine-rich diets. Cysteine supplementation has
been used for different purposes in children and in
adults.25,26) Cysteine supplements or formulations of
cysteine-rich diets have become popular since it has
been understood that it is the rate-limiting amino acid
in the GSH synthesis. GSH functions in the scav-
enging of free radicals that are known to participate

in the development of several-life threatening dis-
eases.27) Thus another function may be related to re-
dox regulation in erythrocytes and in the plasma.
Efficient uptake and the subsequent efflux of L-cys-
teine by erythrocytes may also contribute to the re-
dox status of the plasma. L-cysteine is known to be
oxidized easily when it is outside cells. Thus forma-
tion of cystine from L-cysteine would be limited in
the plasma due to high uptake. On the other hand
plasma thiol levels have been shown to be impli-
cated in vascular disease. It has been reported that
reduced cysteine is correlated with the amount of
reduced homocysteine preventing its oxidation to
disulfide form.28) This function was correlated with
the total blood cysteine concentration. Thus it was
concluded that reduced cysteine plays a role in the
maintenance of plasma redox status. In this sense, it
could be suggested that L-cysteine efflux plays a role
in the maintenance of the proper redox status in the
blood plasma. Another function may be the fast and
safe transport of cysteine from sites where its con-
centration is higher to distal tissues. Thus erythro-
cytes may function, in addition to being hemoglo-
bin bags, in the transport of several other metabo-
lites in addition to L-cysteine in the plasma.
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